Sub-halos in dark-matter-based cosmological simulations tend to be distributed approximately isotropically around their host. The existence of highly flattened, coorbiting planes of satellite galaxies has therefore been identified as a possible problem for these cosmological models, but so far studies have not considered the hosts' environments. That satellite planes are now known around both major galaxies in the Local Group raises the question whether they are more likely around paired hosts. In a first attempt to investigate this possibility we focus on the flattening and orbital coherence of the 11 brightest satellite galaxies of the vast polar structure (VPOS) around the Milky Way (MW). We search for VPOS-analogues in the ELVIS suite of cosmological simulations, which consist of 24 paired and 24 isolated host halos. We do not find significant differences between the properties of sub-halo distributions around paired and isolated hosts. The observed flattening and the observed orbital alignment are each reproduced by only 0.2 to 2 per cent of paired and isolated systems incorporating the obscuration of satellites by randomly oriented galactic discs. Only one of all 4800 analysed realisations (0.02 per cent) reproduces both parameters simultaneously, but the average orbital pole of this sub-halo system does not align as well with the normal to the plane fit as observed. That the MW is part of a galaxy pair thus does not help in explaining the existence of the VPOS if the satellite galaxies are identified with sub-halos found in dissipationless simulations.
Introduction
The distribution of satellite galaxies around the Milky Way (MW) is highly anisotropic: they align in a narrow plane perpendicular to the Galactic disc (Lynden-Bell 1976; Kroupa et al. 2005) . Many globular clusters and streams in the MW halo are part of the same structure, which has been termed the vast polar structure (VPOS, Pawlowski et al. 2012b ). While our knowledge of fainter objects is affected by the uneven sky coverage of surveys in which they are detected, the 11 brightest ('classical') satellites are generally believed to be a less biased distribution. Proper motion measurements reveal that eight of them are consistent with co-orbiting in the VPOS ).
This phase-space correlation of the MW satellites is difficult to reconcile with expectations based on the current standard model of cosmology. Dark matter sub-halos in cosmological simulations do not show the observed degree of coherence. Claims of consistency with simulations (e.g. D'Onghia & Lake 2008; Li & Helmi 2008; Libeskind et al. 2009; Deason et al. 2011; Lovell et al. 2011; Wang et al. 2013; Bahl & Baumgardt 2014 ) have been found not to hold in view of additional observational data (Metz et al. 2009; Pawlowski et al. 2012a; or to be based on flawed analyses (Ibata et al. 2014; Pawlowski et al. 2012a; .
The possibility that the environment of a host affects the chance to find correlated sub-halo planes has not yet been investigated. The MW is part of the Local Group (LG), together with M31. The discovery of an apparently rotating satellite plane around M31 (Ibata et al. 2013 ) and of two planes containing almost all isolated dwarf galaxies in the LG, the dominant one of which aligns with Magellanic Stream which is part of the VPOS (Pawlowski et al. 2012b , indicate that the nearby environment is possibly related to the satellite structures (see also Pawlowski & McGaugh 2014) .
The high-resolution cold dark matter simulations of the 'Exploring the Local Volume in Simulations' (ELVIS) project (Garrison-Kimmel et al. 2014) offer an opportunity to test whether satellite planes are more likely to be present around paired hosts. Half of its 48 host halos are in a paired configuration, while the other half are isolated but matched in mass. We use this dataset to test whether the probability to find VPOS-like satellite planes among the 11 most-massive satellites is different for paired and isolated hosts and whether being part of a paired group affects the distribution of the 11 to 99 most-massive satellites. Sect. 2 summarized the simulations, sample selection and analysis, Sect. 3 presents our results and conclusions are drawn in Sect. 4.
Method
The ELVIS suite (Garrison-Kimmel et al. 2014 ) is a set of cosmological zoom simulations focussing on 12 pairs of main halos with masses, separations and relative velocities similar to those of the MW and M31. A control sample of 24 isolated halos matching the paired ones in mass has also been simulated. The simulations are dissipationless ('dark-matter-only'), based on WMAP-7 cosmological parameters (Larson et al. 2011 ) and complete for sub-halo masses down to ≈ 10 7 M ⊙ , thus resolving objects comparable to the classical MW satellites.
We use the publicly available present day (z = 0) halo catalogues. For the case of paired hosts, both sub-halo systems are analysed in the same way. To be comparable to the MW satellite system, only sub-halos between 15 and 260 kpc from the center of their host are considered. They are ranked by stellar mass, as determined by abundance matching (AM) applied to the maximum mass M peak they had over their history. While different AM prescriptions, such as the Behroozi et al. (2013) model or the preferred model by Garrison-Kimmel et al. (2014) , differ in the stellar mass assigned to a given M peak , they preserve the M peak -ranking of satellites. As we select the highest-ranked satellites (the absolute mass is not part of the selection) the different prescriptions result in the same selection.
For the comparison to the observed VPOS the analysis accounts for the obscuration of satellites by the MW. All sub-halos within ±11.5 • from an obscuring disc (corresponding to 20% of the sky) are ignored. For each of the 48 sub-halo systems 100 realisations are generated by drawing the top 11 sub-halos from outside the obscured area of different randomly oriented obscuring discs.
For each realisation a plane is fitted to the 11 sub-halos. The method is identical to the one applied to the observed satellite positions ) and the Millennium-II simulation . It finds the principal axes of the satellite distribution by determining the eigenvectors of the moments of inertia tensor constructed using non-mass-weighted positions. The orientation of the best-fit plane is described by its normal vector and the following parameters describing the shape of the distribution are determined (parameters measured for the MW satellites using positions compiled by McConnachie (2012) are given in brackets):
• r per , the root-mean-square (RMS) height of the sub-halos perpendicular to the plane (r obs per = 19.6 kpc).
• r par , the RMS radius of the sub-halos projected into (parallel to) the best-fit plane measured from the center of their host (r obs par = 129.5 kpc).
• c/a and b/a, the short-and intermediate-to-long RMS axis ratios, respectively ((c/a) obs = 0.182 and (b/a) obs = 0.508).
Eight of the 11 MW satellites have orbital poles which align with the normal of the VPOS, indicating that these satellites co-orbit within the structure. We consider this essential property of the VPOS by measuring the following two parameters and comparing them to those determined for the observed MW satellites using the same method as :
• ∆ std , the spherical standard deviation of the eight most-concentrated orbital poles which measures their concentration (∆ obs std = 29.3 • ).
• θ VPOS , the angle between the average direction of the eight most-concentrated orbital poles and the normal defining the best-fit plane, which measures the alignment with the plane (θ obs VPOS = 18.9 • ).
The 48 hosts are split up into two classes: 20 paired and 24 isolated halos. Like Garrison-Kimmel et al. (2014) we exclude the halos Serena & Venus and Siegfried & Roy from the paired sample because unlike the LG these contain a third massive halo at a distance of about 1 Mpc. In addition, for each realisation a randomized system having the same radial distribution as the simulated systems is generated by rotating each sub-halo into a random direction before applying the obscuration cut. These show which properties are to be expected for isotropic systems.
Results

Searching VPOS-analogues
To be similarly correlated in phase-space as the observed MW satellites, a simulated system has to have at least as extreme plane-fit parameters, which results in the criteria compiled in Table  1 . It also lists which fractions of realisations fulfil the criteria. The distribution of the plane-fit parameters are shown in Figures 1 and 2.
As apparent from Fig. 1 , the scatter of the plane-fit parameters for individual hosts is comparable to the scatter of the medians of these properties and to the scatter present among the randomized systems. The sub-halos in the different realisations are not naturally distributed in a way comparable to the observed VPOS. The simulated systems tend to be slightly closer to the extreme VPOS parameters than the randomized ones, but the measured VPOS parameters are more extreme than all median values and than almost all individual realisations (see Table 2 for the median values and extrema for each host).
Absolute and relative shape
To be at least as flattened as the VPOS in absolute dimension, sub-halo systems must have r per ≤ r obs per (Criterion 1 in Table 1 ). Less than 1% of the paired or isolated realizations fulfil this criterion. It is apparent from the cumulative distribution of r per (Fig. 2 ) that sub-halo systems with r per 35 kpc are slightly less frequent among paired than isolated systems. Afterwards, the curve for isolated systems rises more slowly than that of the paired ones, so the average r per is slightly smaller for paired than for isolated systems. The cumulative distribution of the randomized systems is similar to the paired one but offset by about 7 kpc to larger values.
Most systems fulfil criterion 2 (r par ≥ r obs par ) and are thus sufficiently radially extended to be comparable to the VPOS. More narrow planes (small r per ) tend to be found for more radially concentrated (small r par ) satellite distributions. This can be best seen from the diagonal shape of the contours for the randomized systems and the distribution of the median values for individual hosts in the first panel of Each halo system contributes 100 realisations with randomly oriented obscuring discs to the cumulative curves, which smooths the distributions, but the different realisations for one host are not independent. Therefore 100 Kolmogorov-Smirnovtests have been performed for combinations containing only one realisation per host and the median parameters of these tests have been determined. They show that with the current number of hosts is is not possible to rule out the null-hypotheses that the paired, isolated and randomized distributions have been drawn from the same parent distribution.
properties scatter around a linear relation (Fig. 1) , and also the cumulative distributions show the same behaviour (Fig. 2) . Again the measured flattening of the VPOS is not naturally found among the sub-halo systems, only 0.2% of the paired and 1.9% of the isolated realisations have (c/a) ≤ (c/a) obs . The distribution and scatter in c/a and b/a (Fig. 1) is similar among paired, isolated, and randomized systems, but the latter tend to have slightly larger c/a than the simulated sub-halo systems.
Orbital pole concentration and alignment
In addition to being similarly flattened, the sub-halo systems also need to have at least as concentrated orbital poles (∆ std ≤ ∆ obs std , criterion 5 in Table 1 ) which are at least as well aligned with the normal to the best-fit plane (θ VPOS ≤ θ obs VPOS , criterion 6) to be similar to the observed VPOS.
Like for the flattening criteria, paired and isolated systems do not naturally fulfil the ∆ std criterion ( 1.5%, see Table 1 ). Paired systems are a bit more likely to have the most-concentrated poles (∆ std 30 • ), but in general the isolated systems tend to have slightly smaller ∆ std (Fig. 2) . Randomized systems have ≈ 5 • larger ∆ std on average, but again the general behaviour (Fig. 2) and scatter ( Fig. 1) are similar.
The cumulative distributions of θ VPOS for paired and isolated systems (last panel Fig. 2 ) are almost identical. There is no indication that the existence of a neighbouring main halo affects the orbital alignment of sub-halos with their preferred plane. Realisations with θ obs VPOS = 18.9 • are almost twice as likely in simulated systems than in the randomized ones (17 to 10%, see Table 1 ).
Combined Criteria
Only if a plane of sub-halos simultaneously meets the different criteria defining the VPOS properties can it be said to reproduce the observed situation. The two essential properties of the VPOS are its narrow extent (measured with r per or c/a) and the alignment of the orbital poles of the satellites (measured with ∆ std ). The last panel in Fig. 1 plots ∆ std against r per and shows that planes in simulated and randomized systems tend to have parameters that are significantly larger than those of the observed MW satellite system. Sub-halo systems that are sufficiently flattened are not sufficiently co-orbiting, while those which co-orbit are not sufficiently flattened. None of the 4800 randomized systems reproduce either of the two combined criteria 8 and 9 in Table 1 , setting an upper limit on the fraction of such systems of 0.02%. Likewise, none of the 2400 systems around isolated hosts fulfils the combined criteria (upper limit of 0.04%). The sub-halo system with median values in r per and c/a coming closest to the observed ones belongs to the isolated host iRomulus, but none of its realisations is simultaneously sufficiently flattened and has sufficiently concentrated orbital poles. Among the systems around paired hosts only one out of 2000 realisations (0.05%) fulfils the combined criteria.
An agreement with the VPOS in two properties is thus extremely rare and requires a finelytuned obscuring disc orientation: in 1 out of 20 hosts only 1 out of 100 randomly oriented obscuring discs produces a sample of sub-halos that shares two properties with the VPOS. The host of this particular realisation is Oates, whose sub-halo system has a relatively low median r per of 42 kpc, and the lowest median ∆ std of 38.7 • of all paired hosts (see Table 2 ). Oates it the fourth-lowestmass paired halo in ELVIS ('virial' mass of M V = 1.2 × 10 12 M ⊙ ) and has formed only recently (acquired half of its mass at a redshift of z = 0.62) (Garrison-Kimmel et al. 2014) . Furthermore, the realisation does not fulfil criterion 6 simultaneously, the concentrated orbital poles do not align with the plane normal as closely as observed.
Even with significantly relaxed criteria (r per ≤ 1.5 × r obs per and ∆ std ≤ 1.5 × ∆ obs std ), the fractions of realisations reproducing these simultaneously remain between 0.5% (paired) and 2% (isolated).
Dependency of satellite system shape on the number of satellites
We now turn our attention to the dependency of the overall shape of the sub-halo distributions on the number of considered sub-halos. Fig. 3 plots r per , r par , c/a and b/a for the N subhalo = 11, 22, ..., 99 sub-halos with the largest M peak (largest stellar masses according to AM) for each host and the averages for the 20 paired, 24 isolated and 48 randomized systems.
As the number of satellites increases, the average r per first rises quickly from about 50-55 to 65-70 kpc, and then more slowly to about 75 kpc. The average r per of paired hosts remains below that of isolated hosts for all N subhalo , which remains below the average of the randomized systems. Overall the differences are small. The average of the randomized systems is only ≈ 5 kpc ( 10%) larger than that of the paired systems. The difference between the averages for paired and isolated systems becomes smaller for larger N subhalo .
That the average absolute thickness r per of paired systems is lower than that of the isolated ones could either indicate that the sub-halos are on average in a more flattened configuration, or that the systems are more radially concentrated on average. The behaviour of the axis ratio c/a hints at the latter explanation. The average c/a of paired and isolated systems follow the same curve, again rising steeply between N subhalo = 11 and 22 from 0.45 to 0.6 and then approaching a plateau of about 0.7 for large N subhalo (see also Wang et al. 2013) . The average relative thickness of the sub-halo distributions is therefore independent of whether the host is part of a paired group or isolated. For randomized systems c/a is on average 0.05 to 0.1 larger (≈ 10%), confirming that sub-halo systems are slightly more flattened than isotropic distributions (Zentner et al. 2005 ).
The average r par is largest for small N subhalo , i.e. sub-halos with the largest M peak are more radially extended in the best-fit plane. However, the effect is minuscule, the average r per only changes from 150 to 140 kpc, and might be due to the decreasing flattening for larger N subhalo -The shape of the distribution of the top N subhalo sub-halos ranked by M peak in steps of 11. Shown are the RMS height r per , the RMS radius r par , and the short-and intermediate-to-long axis ratios c/a and b/a for each paired and isolated host (thin lines) and the averages of these two classes and the randomized systems (thick lines). The shaded area marks the range between the maximum and minimum parameters found for 48 randomized satellite systems. The blue dots indicate the parameters measured for the 11 classical MW satellites in the VPOS. The MW system is highly unusual by three out of four measures.
which causes a larger component of the radial distance to contribute to r per instead of r par . The very small difference between paired and isolated systems is not necessarily caused by different environments, but might simply be an effect of low statistics due to the relatively small number of hosts.
The overall behaviour of the randomized and simulated systems is similar in all four parameters, which is also true for the spread in their values. This indicates that an isotropic distribution can be an acceptable zeroth-order approximation for sub-halo systems. The dominating reason why more flattened systems are found for lower N subhalo is then probably an effect of the number of sub-halos. An extreme case of only three sub-halos would always result in perfect planes (r per = 0 kpc and c/a = 0). For small N subhalo only a few sub-halos are situated at large distances, but these dominate the plane fit. Sub-halos at smaller distances have small offsets from any plane passing close to the center of the host, such that the overall thickness of the distribution tends to be smaller for smaller N subhalo . For larger N subhalo more sub-halos will be present at large distances but outside the plane-fit, increasing the measured thickness.
Conclusion
We have investigated the phase-space distribution of the most-massive sub-halos (ranked by M peak , corresponding to a ranking in stellar mass in AM) around paired and isolated hosts in the ELVIS simulation suite (Garrison-Kimmel et al. 2014) . If the number of considered sub-halos is small (N subhalo 20), the flattening of the sub-halo system strongly depends on and rises for larger N subhalo . This overall behaviour is identical for paired, isolated and randomized (isotropic) systems. The latter have an average flattening offset to slightly larger values, but the scatter among systems of each type is larger than this difference.
We have also compared the phase-space distribution of the 11 top-ranked sub-halos (accounting for obscuration by a galactic disc) with that of the 11 most-massive MW satellites. Paired hosts similar to the LG do not have a higher chance to contain sub-halo distributions which are similarly flattened as the MW satellites in the VPOS. In the analysed simulations, isolated hosts are in fact more likely to have the smallest r per and c/a, while the corresponding averages are smaller for paired hosts, which might be due to a slightly stronger radial concentration of their sub-halo systems. Paired and isolated systems also show a similar degree of orbital pole alignments.
The low rate of satellite planes that are as strongly correlated as the VPOS found in cosmological simulations such as the Millennium-II ) and the Aquarius simulations , is therefore most-likely not affected by ignoring the host halo environments. The absence of VPOS-like structures appears to be a natural feature of dissipationless cosmological simulations. In particular, the VPOS can not satisfactorily be understood as an extreme statistical outlier of the simulated distributions because additional objects align with the structure and more correlated satellite planes have been found in the local Universe (e.g. Kroupa et al. 2010; Pawlowski et al. 2012b; Ibata et al. 2013) . This emphasizes that the search for an explanation of such structures requires different approaches. Examples for this are the inclusion of gas in cosmological simulations (Khandai et al. 2014; Vogelsberger et al. 2014) or scenarios which question the association of dwarf galaxies with sub-halos, such as the formation of phase-space correlated populations of tidal dwarf galaxies (Pawlowski et al. 2011; Fouquet et al. 2012; Hammer et al. 2013; Yang et al. 2014 ).
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